Abstract: We study deep inelastic scattering for vector and axial vector mesons in the holographic D4-D8 brane model. We consider tree level contributions with one particle in the final hadronic state. We obtain the unpolarized structure functions F 1 and F 2 for the ρ and a 1 mesons for q 2 < 80 GeV 2 and 0.2 < x < 1 . We find that the ratio F 2 /(2xF 1 ) is approximately equal to one for some ranges of x and q 2 , satisfying the Callan-Gross relation.
Introduction
The AdS/CFT correspondence inspired many interesting holographic models to describe non-perturbative aspects of strong interactions. This correspondence relates, in particular, string theory in AdS 5 × S 5 space to N = 4 Yang Mills SU (N ) theory with large N in four dimensions [1] [2] [3] .
One of the first holographic models started with the idea of introducing an infrared cut off in the energy, related to some localization in the AdS bulk. Using this approach, the high energy scaling of the amplitude for glueball scattering at fixed angles was found in [4] (see also [5, 6] ). This scaling was observed experimentally for other hadrons and was also obtained from QCD [7, 8] . Glueball masses were calculated in ref. [9, 10] considering boundary conditions in AdS slice. This model is known as the hard wall model and motivated other holographic models for strong interactions that are usually called AdS/QCD models.
A simple way to describe flavour degrees of freedom in gauge/string duality consists on the inclusion of N f D7 brane probes in the D3 brane space. Then, one has open strings with an endpoint on a D3 and the other on a D7 brane whose excitations are in the fundamental representation of the gauge group SU (N c ), like quarks. On the other hand, fields related to open strings with both ends attached to the D3 branes are in the adjoint representation of the SU (N c ) gauge group, like gluons. This is known as the D3-D7 brane model, where mesons are described by strings with both endpoints on D7 branes [11] [12] [13] . The corresponding masses were calculated in [12] . For a review see [14] .
A more sophisticated model that incorporates chiral symmetry breaking is the D4-D8 model proposed in [15, 16] (see also [17] [18] [19] ). This model consists on the intersection of N c D4-branes and N f D8-D8 pairs of branes in type IIA string theory in the limit N f ≪ N c . This corresponds to a probe limit for the D8-D8 branes in the D4 brane geometry. N c and N f are the color and flavour numbers of strongly coupled SU (N c ) theory with massless quarks. The chiral symmetry breaking is realized geometrically through the merging of the D8-D8 branes.
Holographic models for QCD have also been used to study the interaction between photons and hadrons. Electromagnetic form factors have been calculated in these models, for example in [20] [21] [22] [23] [24] [25] . Some of these models, in particular the D4-D8 model, present the fundamental property that the interaction of hadrons with photons is mediated by vector mesons. This property is observed experimentally and is known as vector meson dominance [26, 27] .
Deep inelastic scattering (DIS) is an important tool to probe the internal structure of hadrons. From DIS one can calculate structure functions that are related to the distribution of partons inside hadrons. A detailed description of DIS using gauge/gravity duality was formulated in [28] in the hard wall model. For other works on DIS using gauge/string duality see, for instance, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
In this article we use the D4-D8 brane model to study DIS of unpolarized vector and axial-vector mesons. These particles appear, in this model, as an infinite tower of states. We take as initial states of the DIS process the lowest states corresponding to the ρ vector meson and the a 1 axial-vector meson. We work at tree level and consider final states composed of just one vector or axial-vector meson, respectively. This corresponds to calculate the lowest order contribution to DIS structure functions. It is important to remark that the D4-D8 model was conceived as a phenomenological model for QCD at low energies (∼ 1 GeV). However, there are indications that this model can also reproduce QCD properties at high energies, like the behavior of electromagnetic form factors for vector and axial-vector mesons with large momentum transfer q 2 [25] .
We calculate numerically the structure functions F 1 and F 2 , and investigate their behavior with the momemtum transfer q 2 and the Bjorken parameter x in the range of q 2 < 80 GeV 2 and 0.2 < x < 1 . We also investigate if the Callan-Gross relation F 2 /(2xF 1 ) = 1, obtained in the parton model, is satisfied in the D4-D8 model. We find that this relation is approximately valid in the range of 0.4 < x < 0.6 and momentum transfer 10 GeV 2 < q 2 < 80 GeV 2 .
Deep inelastic scattering
Deep inelastic scattering consists of the scattering of a lepton on a hadron. Here we consider the case of vector and axial-vector mesons. The lepton produces a virtual photon of momentum q µ which interacts with the hadron of momentum P µ . The final hadronic state is represented by X with momentum P µ X (see Fig. 1 ). One can parametrize this process using as dynamical variables the photon virtuality q 2 and the Bjorken parameter x ≡ −q 2 /2P · q . Deep inelastic scattering corresponds to the large q 2 limit, with x fixed. For a review of DIS see [46] .
The differential cross section of the process can be determined from the hadronic tensor, Illustrative diagram for a deep inelastic scattering. A lepton ℓ exchanges a virtual photon with a hadron of momentum P . defined as
where J µ (y) is the electromagnetic current of the meson. This tensor can be decomposed, in the unpolarized case, into the structure functions F 1 (x, q 2 ) and
where we use the Minkowski metric η µν = diag(−, +, +, +).
As is well known, the cross section for the deep inelastic scattering is related to the amplitude of forward Compton scattering. This amplitude is determined by the tensor
which can be decomposed in the same way as in eq. (2.2), but with structure functions
Below, we will investigate DIS for vector and axial-vector mesons in the holographic D4-D8 model. In this model the masses and couplings of vector mesons arise from the KaluzaKlein expansion of gauge fields in a 5d effective action. We will see that the imaginary part of the Compton forward tensor eq. (2.3) can be obtained from these couplings and masses.
Vector mesons in D4-D8 Model
The Sakai-Sugimoto D4-D8 model is built adding N f pairs of D8 and D8 probe branes in the spacetime background formed by the presence of N c D4 branes. The background forces the branes D8 and D8 to merge in a single stack of N f D8 branes, breaking chiral symmetry
In this model, mesons of the dual gauge theory appear as states of open strings connecting the D8-D8 branes. These states correspond to fluctuations of the D8 branes solutions in the D4 background. In particular, vector and axial-vector mesons are described by U (N f ) gauge field fluctuations.
The dynamics of these fluctuations is given by the Dirac Born Infeld action of the D8-D8 embedding, which leads to the five dimensional effective action [16] 
wherez is a dimensionless variable with range (−∞, +∞) that connects the original left and right chiral sectors,
and M KK is a mass parameter related to the D4 brane background. We set M KK = 946 MeV to fit the mass of ρ (770) meson.
Expanding the gauge fields, in the gauge Az = 0, as [16] :
where ψ 0 (z) ≡ (2/π) arctanz and
The field Π(x) is interpreted as the pion field. The modes ψ n satisfy the following conditions
where r, s are positive integers. In order to represent vector and axial-vector mesons, one performs the following field redefinitionsṽ 8) introducing the constants
10) This way, one obtains the 4d effective Lagrangian
where L j represent the interaction terms of order j in the fields and divergent terms were disregarded. The massive fieldsṽ n µ ,ã n µ represent vector and axial-vector mesons, respectively. The decay constant g v n couples the vector mesonsṽ n µ to the photon V µ . The other decay constant g a n couples the axial-vector mesonã n µ to a massless axial vector field A µ , that is turned off, setting A Lµ = A Rµ . Note that g v n is the only interaction between photons and mesons, which implies that vector meson dominance is realized in the D4-D8 model.
In order to calculate structure functions, we need the coupling among three vector mesons and also among one vector and two axial-vector mesons. These couplings appear in the following contribution of the 4d interaction lagrangian L j
where the three-meson coupling constants are given by
14) In order to obtain the masses M v n , M a n and the coupling constants g v n , g v n v ℓ v m and g v ℓ a m a n one has to calculate numerically the wave functions ψ r (z). We solved numerically the equations of motion for the vector and axial-vector modes using the shooting method, following refs. [15, 16, 25] . Some of these masses and couplings were calculated in these references. The determination of the structure functions (to lowest order) requires the calculation of many additional couplings among three vector and axial-vector mesons. We performed the numerical calculations of these couplings and list some results for the vector mesons in Tables 1 and 2 , and for the axial-vector mesons in Tables 3 and 4. Note that the decay constants are positive and increase monotonically with n. The vector meson couplings g v n v ℓ v m and g v n a ℓ a m oscillate with n with decreasing absolute value. From these couplings one can calculate, for instance, the electromagnetic form factors that characterize the interaction of a vector meson with a photon. As shown in ref. [25] , these form factors can be written as
and a similar expression for axial-vector mesons:
4. Structure functions of ρ and a 1 mesons
Here we will calculate the DIS structure functions for unpolarized vector mesons ρ and axial-vector mesons a 1 . We will consider in this article the lowest order contribution with one vector or axial vector meson in the final state.
Analytical results
We start the discussion with the case of the ρ vector meson represented by the lowest state v 1 . The imaginary part of the Compton forward scattering amplitude associated with this process is represented in the Feynman diagram of Figure 2 , which exhibits vector meson dominance. Using Feynman rules corresponding to this diagram, we find 
where η µν is the Minkowski metric (− + ++), p X is the momentum of the intermediate mesonic state (final for the DIS process) with mass m nx satisfying the on-shell condition given by the delta term δ(p 2 X +m 2 nx ). Note that the mass m nx has to coincide with one of the vector meson masses m j (j = 1, 2, 3, ...). The four-vectors ǫ λ 1 and ǫ λ 2 are the polarizations of the initial and final states of the forward scattering satisfying
In eq. (4.1), f 0ab is the structure constant of the U (N f ) flavor group. The photon is the gauge field of a U (1) subgroup of U (N f ) [16] , here represented by the generator index 0. We consider the DIS process blind concerning the flavor group, and we sum the indices a, b over all group generators.
One can rewrite the factors between braces in eq. (4.1), corresponding to vector mesons interacting with photons, in terms of the form factors F v 1 v nx (q 2 ), defined in eq. (3.16), as
The last term of this equation does not contribute to the amplitude given by eq. (4.1). Then, using the above results and the property f 0ab f 0ab = N f we find
where s = −(p + q) 2 . Note that, since s is fixed by the initial momenta p and q, the delta function selects only one value of m nx = mn = √ s, corresponding to a particular state vn.
Considering that the differences between the subsequent masses of the mesons are small compared with their absolute value, one can approximate the sum over the delta functions by an integral
Then, the structure functions are
It is important to remark thatn, s, q 2 and x are not independent, since
In the parton model, the structure functions satisfy the Callan-Gross relation F 2 /(2xF 1 ) = 1. Experimentally this result is confirmed only for certain ranges of x and q 2 . From eq. (4.6), we see that the ratio F 2 /(2xF 1 ) does not depend on the form factors or on the masses of the excited states of the D4-D8 model. This seems to be a consequence of vector meson dominance present in the model. We will investigate numerically this ratio in the next section.
For the case of axial-vector meson a 1 , represented by the lowest state a 1 , we obtain structure functions with the same form of eq. (4.6), but with F v 1 vn (q 2 ) replace by the axial form factor F a 1 an (q 2 ), defined by eq. (3.17).
Numerical results
Analyzing the dependence of the calculated vector meson masses m n with n, we perform a quadratic fit, finding m 2 n ≈ −0.0758 − 0.0037n + 0.666n 2 , (4.8)
from which we obtain f (n) = 1/(−0.0037 + 1.331n). Using the calculated numerical results for the masses and the couplings we can find the structure functions for different values of x and q 2 . In Figure 3 , we show the behavior of F 1 and F 2 for the ρ meson as functions of q 2 with fixed values of the Bjorken parameter x = 0.9, 0.7, 0.5, 0.3. These functions jump from zero to their maximum values and then fall as q 2 increase. A similar behavior is obtained for other values of x. We note that as x decreases the maximum value of the structure functions occur for smaller values of q 2 .
Note that, eq. (4.7) implies that, for a fixed value of x there is only a discrete set of q 2 values, corresponding to the allowed spectrum of final statesn. This is a consequence of the fact that we are considering only the contributions from one particle final states. In Figure 3 the plots show discrete sets of points connected by straight lines to illustrate the dependence on q 2 for different values of x. Note that for larger values of x one has less points in the q 2 range considered.
In Figure 4 , we show the structure functions for the ρ meson as functions of the Bjorken parameter x for fixed values of q 2 = 10, 20, 30, 40 GeV 2 . We note that the maximum of F 1 occurs in the region x ≈ 0.8 and the maximum of F 2 occurs in the region 0.8 < x < 1. Again, eq. (4.7) implies that, for a fixed value of q 2 there is only a discrete set of x values. So the plots in Figure 4 show discrete sets of points connected by straight lines.
In Figures 5 and 6 , we show the structure functions for the a 1 meson as functions of q 2 and x, respectively. The plots and their behavior are similar to the case of the ρ meson. From our numerical results we can study the behavior of the ratio F 2 /(2xF 1 ) against x and q 2 . We plot these results in Figures 7 and 8 . From Figure 7 we note that the Callan-Gross relation F 2 /(2xF 1 ) = 1, obtained from the parton model, is verified for all the values of q 2 considered in the region 0.4 < x < 0.6. On the other hand, from Figure 8 we observe that the ratio F 2 /(2xF 1 ) is approximately independent of q 2 for q 2 > 20 GeV 2 and x fixed in the region 0.3 < x < 0.7. 
Conclusion
In this article we calculated the lowest order contributions to the DIS structure functions for the ρ vector meson and the a 1 axial-vector meson. From these structure functions we found that the ratio F 2 /(2xF 1 ) is approximately equal to one, satisfying the Callan-Gross relation in the interval 0.4 < x < 0.6. In the parton model, this relation is a consequence of the spin 1/2 of the hadronic constituents, identified with quarks. So, we conclude that even considering only the lowest order contributions to the structure functions, the D4-D8 brane model shows an indication of a quark structure in vector and axial-vector mesons.
